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ing with unity power factor, for use such as to charge a 
battery is comprised of a power section for converting 
single or multiphase line energy into recharge energy 
including a rectifier (10), one inductor (Li) and one 
chopper (Qi) for each chopper phase for presenting a 
load (battery) with a current output, and duty cycle 
control means (16) for each chopper to control the 
average inductor current over each period of the chop- 
per, and a sensing and control section including means 
(20) for sensing at least one load parameter, means (22) 
for producing a current command signal as a function of 
said parameter, means (26) for producing a feedback 
signal as a function of said current command signal and 
the average rectifier voltage output over each period of 
the chopper, means (28) for sensing current through 
said inductor, means (18) for comparing said feedback 
signal with said sensed current to produce, in response 
to a difference, a control signal applied to the duty cycle 
control means, whereby the average inductor current is 
proportionate to the average rectifier voltage output 
over each period of the chopper, and instantaneous line 
current is thereby maintained proportionate to the in- 
stantaneous line voltage, thus achieving a unity power 
factor. The boost chopper is comprised of a plurality of 
converters connected in parallel and operated in stag- 
gered phase. For optimal harmonic suppression, the 
duty cycles of the switching converters are evenly 
spaced, and by negative coupling between pairs 180° 
out-of-phase, peak currents through the switches can be 
reduced while reducing the inductor size and mass. 


[57] ABSTRACT 

A single or multiphase boost chopper regulator operat- 


17 Claims, 12 Drawing Figures 
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UNITY POWER FACTOR SWITCHING 
REGULATOR 

ORIGIN OF INVENTION 

The invention described herein was made in the per- 
formance of work under a NASA contract and is sub- 
ject to the provisions of Section 505 of the National 
Aeronautics and Space Act of 1958, Public Law 85-568 
(72 Stat. 435; 42 USC 2457). 

This application is a continuation in part of applica- 
tion Ser. No. 144,834 filed Apr. 29, 1980. 

BACKGROUND OF THE INVENTION 

This invention relates to power converters, particu- 
larly to that type of converter having a separate induc- 
tor with each of a plurality of choppers that are paral- 
leled to form a multiphase chopper, and more particu- 
larly, though not limited to, a switching regulator oper- 
ating with unity power factor for charging batteries. 

There has been significant effort to develop viable 
passenger electric vehicles as one means of displacing 
future petroleum demand. To date, research and devel- 
opment emphasis has centered on battery and propul- 
sion system technologies; little attention has been given 
to the battery charger. Production (off-the-shelf) bat- 
tery chargers have the following typical characteristics: 

1 . Considerable Weight— typically 25 kg per kW of 
output. 

2. Low Efficiency — typically 70% over the charge 
cycle. 

3. Low Power Factor — typically 80% at full power. 

4. Crude Control — maximum line current drawn not 
accurately limited; charge algorithm not adaptive to 
needs of battery. 

5. Moderate Cost — typically $200 per kW. 

Relative to an ideal charger, these characteristics signif- 
icantly degrade both the performance and economy of 
passenger vehicles employing onboard chargers. It 
would be desirable to have as an ideal battery charger, 
one with significant improvement in each of these char- 
acteristics. The present invention based on a pulse 
width modulated chopper comes very close to achiev- 
ing the ideal characteristics, namely a light weight, high 
efficiency battery charger which would achieve a near 
unity power factor at a low cost, and with insensitivity 
to line transients. However, although providing such a 
battery charger was the motivation for the present in- 
vention, it should be understood that any regulator 
involving alternating current would benefit from the 
present invention to enable operation with very near 
unity power factor. In fact, all applications of choppers 
used in power conditioning would benefit from the 
invention, such as line operated dc power supplies and 
line powered controllers for dc motors. 

While conventional multiphase (two or more phase) 
switching converters significantly lower input and out- 
put ripple, compared to single-phase switching convert- 
ers, they improve neither inductor nor switching device 
utilization. Consequently, another feature of the inven- 
tion is to improve inductor and device utilization, and to 
reduce inductor losses. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a regulator 
with unity power factor may be divided into two main 
sections — a power section which converts AC line en- 
ergy into load energy, and a sensing and control section 


which senses one or more load parameters and gener- 
ates a command signal which controls the load power in 
accordance with sensed parameters. This second sec- 
tion may utilize a digital processor to generate the re- 
5 quired control function. Line power is rectified by a 
suitable rectifier, such as a diode bridge rectifier, cou- 
pled by an inductor to a chopper switch and switching 
diode. A capacitor filters the output of the diode switch 
and presents the load with dc power. Control of the 
1° duty cycle for the chopper is such that the average 
inductor current over each period of the chopper is 
proportionate to the average rectifier voltage output 
during the same time period. In this way, the instanta- 
neous line current is maintained proportionate to the 
15 instantaneous line voltage — thus effecting regulation 
with a unity power factor. High frequency, chopper- 
generated, ripple currents are bypassed from the recti- 
fier output by a filter coupling the rectifier to the induc- 
_ tor. Multiphase choppers using a multiplicity of induc- 
0 tors, switches and diodes may be used to further reduce 
ripple currents. A load sensor senses at least the voltage 
parameter of the load and, through a control processor, 
provides a signal which, when multiplied by the recti- 
25 fier output voltage, vi, in a single quadrature multiplier, 
produces a product signal that is compared with the 
inductor current, i/,. The difference between the com- 
pared signals then controls the duty cycle of the chop- 
per switch. In that manner, the switching duty cycle is 
30 controlled such that the average current through the 
inductor is maintained proportionate to the average 
rectifier output voltage over each chopper period, such 
that <ii,>— K<vi>, where K is the proportionality 
constant (at full power) determined by the drive circuit 
3 5 comprised of the multiplier and comparator. This re- 
sults in a line current which is sinusoidal and in phase 
with the line voltage. As an additional feature, a line 
voltage compensator may be provided, such as an auto- 
matic gain control circuit or a phase-locked loop and 
4 q full-wave rectifier, to maintain the rectified line voltage 
into the multiplier more nearly constant with respect to 
line voltage fluctuations. Either single phase or multi- 
phase line voltage may be used, and a single or a poly- 
phase chopper may be used. The use of a polyphase 
45 chopper reduces the amplitude of ripple currents and 
raises the fundamental ripple current frequency which 
affords added ease in filtering both the input and the 
output of the boost chopper. 

Ripple through the inductors of this or any multi- 
50 phase chopper may be further reduced by negative 
coupling between inductors. A conventional chopper 
comprised of a switch, an inductor and a diode, all three 
connected to a common node, will function as a boost, 
buck -boost or buck converter, depending on which of 
55 two devices have their other terminal common to the 
input and output. A number of these choppers may be 
provided in parallel in any of these configurations for a 
multiphase converter, in which case the inductors of 
different phases may be negatively coupled to reduce 
60 ripple and thereby improve the inductor and switching 
device utilization. An E-I core structure may be used to 
negatively couple the inductors with each inductor 
having part of its turns on the outer legs, and the rest of 
the turns on the center leg. In a preferred structure, 
65 gaps are provided at only the end legs. 

The novel features that are considered characteristic 
of this invention are set forth with particularity in the 
appended claims. The invention will best be understood 
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from the following description when read in connection 
with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a polyphase boost 5 
chopper with modulated duty cycle for operation with 
three phase line voltage in accordance with the present 
invention. The line voltage could be reduced to a single 
phase, and the chopper could also be reduced to a single 
phase, by simply omitting provision for the other phases 10 
shown. The number of chopper phases can be selected 
independently of line phases. 

FIG. 2 illustrates coupled inductors for the circuit of 
FIG. 1 to reduce ripple. 

FIG. 3 illustrates an exemplary timing sequence for 15 
the N-phase duty cycle control circuit in FIG. I. 

FIG. 4 illustrates one variant for the line voltage 
compensator circuit of FIG. 1. 

FIG. 5 illustrates another variant for the line voltage 
compensator in FIG. 1. 20 

FIG. 6 illustrates an exemplary analog circuit for the 
processor controller of FIG. 1. 

FIG. 7 is a graph useful in understanding the opera- 
tion of the circuit of FIG. 6. 

FIGS. 8 a and 8 b illustrate alternative structures for 25 
the coupled inductors in the circuit of FIG. 2. 

FIG. 9 illustrates a two-phase switching converter 
with negative coupled inductors. 

FIG. 10 is a plot of normalized peak current vs duty 
cycle, 17, and coupling coefficient K. For 17 <0.5, data is 30 
from equation 21 a and for 77 >0.5, data is from equation 
21b. 

FIG. 11 illustrates values of coupling coefficient, K, 
and turns ratio, X, for an optimal two-gap coupled in- 
ductor shown in FIG. 8 a. 35 

FIG. 12 illustrates values of coupling coefficient, K, 
and turns ratio, X, for an optimal three-gap coupled 
inductor shown in FIG. 8 b. 

DESCRIPTION OF PREFERRED m 

EMBODIMENTS 

The first feature of the invention, which relates to 
ac-to-dc power regulator shown by way of example as 
a boost chopper battery charger, and more particularly 
to that type of regulator operating with unity power 45 
factor, will now be described with reference to FIG. 1. 

It illustrates an exemplary application of the present 
invention for charging a battery B from three-phase line 
voltage utilizes a diode bridge 10 for full wave rectifica- 
tion of the line voltage and a filter 12 to reduce current 50 
ripple fed back to the diode bridge. A polyphase boost 
chopper 14 comprised of inductors, Lj-Lm chopper 
switches Qi-Q m and diodes, Dt-D/v, boosts the recti- 
fied line voltage and provides greatly reduced input 
ripple currents by harmonic cancellation. The funda- 55 
mental ripple current frequency is raised by a factor of 
N, which makes input filtering with filter 12 and output 
filtering with capacitor C easier. Also electromagnetic 
interference (EMI) and spiking are reduced due to 
smaller current steps. However, this feature of the in- 60 
vention can be operated with a single phase boost chop- 
per, where the additional advantages of a polyphase 
boost chopper would be lost. The present invention 
could also be used with single phase line voltage with a 
polyphase or single phase boost chopper. 65 

Line voltage is rectified by the bridge rectifier 10 and 
boosted as needed by the boost chopper 14 so that cur- 
rent is delivered to the battery. Control of the chopper 
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duty cycle is by a multiphase (N-phase) duty cycle 
control unit 16 which receives a pulse width modulation 
control signal from a comparator (differential amplifier) 
18 to control pulse width, as with a monostable multivi- 
brator having an electronically controlled on time. The 
multivibrator is repeatedly triggered by clock pulses to 
produce N phase-staggered on pulses that are sequen- 
tially multiplexed to the N switches Qi through Q*. 
Other equivalent arrangements could be devised by 
those skilled in the art, but a preferred embodiment is 
described hereinafter. 

Battery sensors sense battery parameters, such as 
charge voltage, current and temperature, and a proces- 
sor controller 22 operates on these sensed parameters to 
produce a control signal to provide an optimal recharge 
current-time profile to the battery. This profile may be 
computed from theory, or determined empirically. 

Although the present invention could be practiced 
with a single phase chopper, and even with single phase 
line voltage, as noted above, the polyphase chopper 
shown in FIG. 1 is preferred, because it provides 
greatly reduced input ripple currents by harmonic can- 
cellation; the fundamental ripple current frequency is 
raised by a factor of N which affords added ease for 
filtering. EMI and spiking are reduced due to smaller 
current steps. To further reduce ripple, the inductors of 
the polyphase chopper may be negatively coupled in 
pairs, as shown in FIG. 2, where the switch duty cycles 
are provided 180° out of phase such that the on time of 
a given switch falls half way between the on times of the 
complementary switch, as shown in FIG. 3. The em- 
bodiment of coupled inductors and time staggered duty 
cycles just described above may be used to either re- 
duce ripple currents in the inductors while maintaining 
fixed inductor sizes, or alternatively to enable down-siz- 
ing of the inductors while maintaining fixed values of 
the ripple currents. 

The rectified line voltage, vj, is maintained more 
nearly constant by a line voltage compensator 24, such 
as an automatic gain control (AGC) circuit comprised 
of an amplifier 24a and low pass filter (LPF) 246, shown 
in FIG. 4, or a circuit comprised of a phase-locked loop 
(PLL) 24a' and full-wave rectifier 246' shown in FIG. 5. 
Since the output of the PLL is a sinusoid, full wave 
rectification is required to obtain a waveform similar to 
vj. Fluctuations in line voltage are thus compensated in 
the line voltage signal applied to a single quadrant mul- 
tiplier 26 which yields a signal that is equal to the prod- 
uct of the line voltage and the control signal from the 
processor controller 22. The product signal is then com- 
pared with the input current i sensed by a current 
sensor 28, and the difference is applied to the duty cycle 
control unit to modulate the pulse width of pulses peri- 
odically produced for operation of the boost chopper. 

The switching duty cycle is controlled such that the 
average current through the inductor is maintained 
proportionate to the average rectifier output voltage 
over each chopper period, or: 


<iL>=K< v l>, 0) 

where < > denotes an average value, and k is the pro- 
portionality constant (at full power) determined by the 
drive circuit comprised of the multiplier 26 and compar- 
ator 18. This results in a line current which is sinusoidal 
and in phase with the line voltage for a unity power 
factor. 
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Impact of the improved battery charger of FIG. 1 
may be seen by considering a typical passenger electric 
vehicle. Line energy consumption is 0.23 kWhAm and 
recharge time to 80% is 8 hours when charged by a 
conventional 2 kW charger which weighs 52 kg and 
draws 18 amps from a 115 volt line. Acceleration from 
0 to 50 km/hr is 10 seconds and range is 1 10 km. The 
vehicle weight is 1300 kg. By replacing the conven- 
tional charger with a boost chopper charger, the fol- 
lowing vehicular improvements would result: 

1. Energy consumption will drop by more than 26%. 
If the yearly driving is 15,000 km, then the energy sav- 
ings will be over 930 kWh per year — a cost savings of 
$37 assuming $0.04AWh. 

2. Since the recharge rate (until battery limits) is 
proportionate to the product of line current drawn, 
charger efficiency, and power factor, the boost chopper 
regulator will improve the initial recharge rate by 70% 
and the 8 hour charge time will be cut to 4.7 hours 
without increasing the rms line current drawn. 

3. Since each kg of propulsion weight typically re- 
quires 0.3 kg of support structure, reducing the charger 
weight by 49 kg will reduce the curb weight by about 
64 kg. The reduced curb weight will automatically 
improve acceleration and urban range each by about 
5%. For stop and go driving, this will also enable an 
added 5% in energy savings and improve recharge rate 
by an added 5% when expressed in km per hour of 
charge. 

In addition to unity power factor, high efficiency and 
light weight, the circuit of FIG. 1 has the following 
‘‘circuit-oriented” advantages: 

1 . The switching transistors are inherently protected 
from line transients. The battery and output capacitor C 
acts as a voltage clamp while the inductors and the filter 
12 provide impedance isolation between the switching 
transistors and the line. 

2. Transistor and inductor utilization are both 
good — especially when three phase input power is used. 
Compared with inverter and isolation type choppers, 
only about one fourth the voltage-ampere worth of 
transistors is required. 

3. The circuit is line frequency and line voltage insen- 
sitive. If the battery voltage is 360 volts or more, the 
circuit will be compatible with all line voltages, both 
single and three phase, up to 230 volts rms. Operation 
with dc input voltages of 360 volts and less is also possi- 
ble. These features enable virtually universal operation. 
Lack of electrical isolation between battery and line and 
the requirement for battery voltage to exceed peak line 
voltage are the only disadvantages. 

The voltage constraint, in the case of on-road vehi- 
cles charged from 1 1 5 volt lines will likely resolve auto- 
matically, as trends continue toward higher battery 
voltages. Furthermore, should ongoing developments 
of high voltage bipolar battery systems prove success- 
ful, battery voltages in excess of 360 volts will likely be 
employed — in which case charger compatibility with 
both 115 and 230 volt lines will also follow. 

The lack of electrical isolation presents shock hazards 
and appropriate steps must be taken to insure adequate 
safety. The conventional solution of a transformer leads 
to the old problems of excessive weight, reduced effi- 
ciency and increased cost — especially where higher 
charger rates are called for. On the other hand, the use 
of high frequency isolation suffers economically in that 
approximately four times the voltage-ampere worth of 
switching transistors are required per output watt. 
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It appears, however, that adequate safety can be 
achieved (without transformer isolation) by combined 
use of the following: 

1. Incorporation of a ground fault interrupter (GFI) 
5 in series with each of the input power lines. The GFI 

must be responsive to both ac and dc unbalanced cur- 
rent components. 

2. Incorporation of interlock switches which effec- 
tively disconnect each of the input lines when access 

10 lids (such as the front hood) are opened. The interlock 
switches may be used to trip the GFI. 

3. Grounding of the vehicle body during recharge via 
a standard ground conductor within the line cable. 

15 4. Appropriately insulating all battery terminals and 

other electrical conductors from possible human 
contact. This will undoubtedly be required for all 
“higher voltage” systems regardless of charger isola- 
tion. 

20 There are limits of accuracy to which <i l> can be 
made proportionate to <vi>. If L is too small, ripple 
will be excessive and adequate filtering may be impossi- 
ble, and if L is too large, the inductor current will tend 
to be constant over each half line cycle and the desired 
25 modulation will not be possible. 

In the following discussion for either embodiment, 
assume that the chopping frequency (f c ) and the chop- 
ping period (T = l/f c ) remain constant from one cycle to 
the next This assumption corresponds to usual practice 
30 while enabling simplified analyses. 

The criterion for minimum acceptable L and f c is 
arbitrary. Therefore, the conventional criterion of criti- 
cal current at full power will be adopted. Accordingly, 
L and f c must be sufficiently large so that the inductor 
35 current will flow over the entire half line cycle. 

The required values of L and f c will be calculated, 
assuming “quasi steady state” operation, namely: 

1. vi is assumed constant over a given chopper per- 
m iod, T, and 

2. ijr, is assumed equal at the beginning and end points 
of each chopper period. 

While these assumptions are inconsistent with the 
modulation concept where <vi> and <i l> change 
from one chopper cycle to the next, the assumptions are 
reasonably accurate if the chopping frequency is high 
compared with the line frequency. 

Based on these assumptions, the transistor duty cycle, 
7) is given by: 

50 

i?=l-(Vi /V B ) (2) 

where Vifis the Battery Voltage. 

In the critical case, i/, = 0 at t— 0 and at t=T; at 
55 t=7jT, i/,=Vj7)T/L. The average inductor current is 
then given by: 

. (3) 

<iL> = — 2J — (critical case) 

60 

Equating equations (1) and (3), the minimum inductance 
is found as: 
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Since v* goes to zero twice each line cycle, the induc- 
tance which insures over-critical operation over the 
entire line cycle is: 


L . 

• mn ~ 2 k ~ lKf c 


( 5 ) 5 


The rate of average current rise is limited to vj/L. This 
“slew rate” is the critical factor which limits the “track- 
ing proportionality” between <i£> and v|. Once 10 
again, an arbitrary criterion is called for. 

Since the “slew rate error” occurs only during the 
first portion of the line voltage since curve where volt- 
age, current and duration are each small, the associated 
energy values are third order while power factor per- 15 
turbations will be at least fourth order. Accordingly, if 
L is sufficiently small so that tracking can occur when 
vi is greater than 0.1 V^, where V^is the peak line volt- 
age, then the expected power factor degradation (rela- 
tive to perfect tracking) will be on the order of 0.01%, 20 
which is negligible. 

Since, 


V|(/) = Vjpsin In fit = Vjpsin oi it 

it follows that 


( 6 ) 

25 


2n V p k 
T i 


0.1 Vp 
Lmax 


or L max 


= 0.0159 


Ti 


O) 


30 


Note that equations (6) and (7) indicate that the mini- 
mum chopping frequency must be at least 3 1 .4 times the 
line frequency, or about 2 kHz in the case of a 60 Hz 
Hne. 

Although a digital microprocessor would preferably ^ 
be employed to implement the processor controller 22, 
analog circuits may also be employed, as shown in FIG. 

6, for the simple case of only the battery voltage sensed, 
using a saturable differential amplifier 22a of high gain 
to compare some fraction of the battery voltage Vb to a 40 
reference voltage Vref . The difference is a current 
command signal applied to the multiplier 26. FIG. 7 
illustrates the typical relationship between battery volt- 
age and current command. As long as the divided bat- 
tery voltage is below the reference, the battery com- 45 
mand is a maximum because the comparator saturates. 
Once the battery voltage reaches the reference, the 
comparator desaturates and the battery charge voltage 
is held constant by feedback action while the charge 
current tapers with time. To introduce another parame- 
ter, such as battery temperature, the reference voltage 
Vref derived from a stable source, such as a Zener 
diode, may be subjected to a temperature responsive 
attenuator, such as a thermister, to reduce the reference 
as the battery temperature increases. 55 

The N-phase duty cycle control is preferably com- 
prised of N independent pulse width modulators, one 
for each switch Qj through Qa» controlled to have 
symmetrically staggered duty cycles as in FIG. 3. As 
each switch Qi through QatIs turned on in sequence, it 60 
is controlled to turn off by the associated pulse width 
modulator in accordance with a control signal from the 
comparator 18. The greater the difference between 
<i £,> and k<vj>, where k is effectively established 
by the command signal from the processor controller, 65 
the greater the period before the switch is turned off, 
thus maintaining the relationship <iz,>=K<V|>, for 
unity power factor. When the battery voltage increases 
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to the level of the reference, the signal IC decreases to 
decrease the duty cycle, and thus decrease current to 
the load. Under both conditions, the average inductor 
current is maintained proportionate to the average recti- 
fier output voltage vi for unity power factor. 

As noted hereinbefore, the arrangement of N-phase 
duty cycle control with coupled inductors shown in 
FIG. 2 may be used to reduce ripple currents, or to 
reduce the size of the inductors without increasing rip- 
ple currents. The manner in which the inductors may be 
negatively coupled in pairs is illustrated in FIGS. 8a and 
8b. 

The arrangement, shown in FIG. 8a, utilizes an E 
core 30 with a longer center leg and an I core 32 across 
the center leg, leaving a gap over the two outer legs. 
The core thus formed has two magnetic path loops, one 
for each outer leg sharing the center leg, with an air gap 
in each loop. All core cross sections are of area A and 
the two gaps are each of length 1. One inductor consists 
of Ni turns on the left outer leg connected in series 
aiding with N 2 turns on the center leg. The second 
inductor consists of Ni turns on the right leg in series 
aiding with N 2 turns on the center leg. Windings are 
such that the two N 2 coils are oppositely phased. 

Negative coupling is provided by the two N 2 coils 
which share the center core leg. The dc current compo- 
nent flowing in one inductor produces a core flux 
which, by action of the center leg coils partly cancels 
the core flux produced by the dc current component 
flowing in the other inductance. This partial cancella- 
tion of dc flux components enables a reduction in the air 
gap which in turn provides for increased inductance to 
reduce ripple currents, or alternatively for a size and 
weight reduction. 

The second arrangement for coupled inductors, 
shown in FIG. 8b, is like the first except that the center 
leg of an E core 34 is of the same length as the outer 
legs, leaving a gap with the center leg of a length equal 
to the length of gaps at the outer legs, i.e., all legs are 
equally gapped. Windings and core cross sections are 
identical with those of the two-gap arrangement of 
FIG. 8a. 

As will be noted more fully hereinafter, the two-gap 
structure is preferred in most cases because, for all val- 
ues of ripple current, it reduces peak currents by greater 
amounts. The two-gap structure is also superior in that, 
for optimal design, equal amounts of copper are used on 
each of the three core legs, thus providing efficient 
packaging, good heat transfer and reduced copper 
weight and resistance. 

It should be apparent from the above description that 
a single or multiphase boost chopper battery charger is 
provided operating with unity power factor. It should 
also be apparent that the chopper may be modified to 
any known boost, buck, or a buck-boost chopper, and 
more importantly that the unity power factor converter 
could be utilized to advantage for any other type of 
load, and therefore this first feature of the invention, 
although devised for charging a battery, is useful in 
driving any dc load from single or multiphase line en- 
ergy with unity power factor. Consequently, it is in- 
tended that the claims directed to this feature be inter- 
preted to cover such modifications and other applica- 
tions. 

The second feature of the invention will now be de- 
scribed in more detail with reference to FIG. 2, which 
shows N conventional switching converters connected 
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in parallel As noted above, the duty cycles of each of 
the N converters are equal, and they are symmetrically 
staggered in time. The result is that the first N-l current 
harmonics completely cancel at each of the three exter- 
nal nodes. This in turn means that both input and output 5 
filters may be greatly reduced in size, thus effecting a 
reduction in cost, weight and size while reducing power 
losses within the filters as well as the source and the 
load circuits. As shown, the circuit is used as a boost 
converter, because the switches are connected to a node 10 
(circuit ground) common to the input and the output, 
but when the diodes are connected to the common node 
(circuit ground) instead, the circuit is used as a buck 
converter. And when the inductors are instead con- 
nected to the common node, the circuit is used as a 15 
buck-boost converter. 

Since each of the N polyphase inductors carries one 
N'* the current of an equivalent single-phase inductor, 
each N-phase inductor must therefore have N times the 
inductance if equivalent current form-factors are to be 20 
maintained. Since the LI 2 rating for each of the N in- 
ductors is therefore one that of a single-phase induc- 
tor, it follows that each of the N inductors is approxi- 
mately one N th the size and weight of an equivalent ^ 
single phase inductor. Accordingly, the total copper 
and iron required for the N polyphase inductors is ap- 
proximately equal to that required for the one equiva- 
lent single-phase inductor. Adding phases therefore 
neither reduces the total inductor weight nor does it 
improve current form-factors associated with the indi- 
vidual switching devices, inductors and diodes. In sum- 
mary, the advantages of multiphase switching convert- 
ers are limited to reduced ripple currents and increased 
ripple frequencies at the external summing nodes. ^ 

A new element is therefore added to the conventional 
multiphase converter. The new element is, in essence, a 
negative coupling provided between pairs of inductors 
in what otherwise would be conventional multiphase 
converters as shown in FIG. 2. With optimal design, the 4 q 
advantages of conventional multiphase converters re- 
main, but in addition, combinations of improved current 
form-factors ahd reduced total inductor masses are also 
made possible. The net result is that the coupled induc- 
tor multiphase converter achieves an improved power 45 
to weight ratio while reducing both peak switching 
currents and inductor losses. 

An analysis of the current harmonics which flow 
through each of N inductors, while of some design 
value, is primarily of interest in demonstrating the basic 50 
principles by which negative coupling reduces the rip- 
ple currents through the inductors. For simplicity, a 
two-phase switching converter shown in FIG. 9 will be 
used. Since both the input and output filters typically 
look capacitive, it will be assumed that the input volt- 55 
age,. Vi, and the output voltage, V 2 , are both constant 
dc voltages in the steady state. 

By providing negative coupling between inductor 
pairs, peak currents through the switches can be re- 
duced while reducing the inductor size and mass. Ne- 60 
glecting resistive and device losses, and assuming that 
current through the inductors is always nonzero (over- 
critical), it follows that V 2 — 17 V 1 where 7} is the duty 
cycle of each switch. Furthermore, since V] and Vaare 
assumed constant, the only interactions are between the 65 
coupled circuits; no interactions take place between the 
circuits which are not coupled. With this in mind, it 
suffices to analyze just two negatively coupled convert- 


10 

ers. These results easily extend for higher phase num- 
bers. 

Referring to FIG. 9, let v^i be the voltage across Lj, 
i i\ the current through Li and \jji the current through 
L 2 . From the definitions of self and mutual inductance, 
it follows that: 


/ x (8) 

Ldiu Mdiu ( dii\ diu. \ 

vL ^—dr- + -ir- = L y— + K ~3r) 

where L is the self-inductance of both Li and L 2 , M is 
the mutual inductance between L[ and L 2 and K is the 
coupling coefficient. 

\L\ may be expressed by a Fourier Series: 


where I n are complex constants and o> is 27T divided by 
the switching period, T. Since \li is identical to in, 
except for a time shift of T/2, it follows that: 


IL2 = ^ I r fi i ' na) ( ,+ T/ 2 >= S (-1 ) n I n e int » f 
n~ I n=I 

v /,1 may be expressed as a Fourier Series: 


( 10 ) 


w Ml) 

VLl = 2 

n= 1 

Combining equations ( 8 ) through (11) gives: 

Vr, (12) 

* + (— iy*Arj 

From equation (12) it is seen that positive values of K 
increase the odd harmonics and decrease the even har- 
monics, and negative values of K decrease the odd 
harmonics and increase the even harmonics. 

Since the odd current harmonics greatly dominate 
over the even harmonics, it follows that a negative 
coupling coefficient which reduces the odd harmonics 
can be beneficial, even though the even harmonics are 
simultaneously increased. A more quantitative feel for 
the above may be found by explicitly solving for the 
complex constants, V n which appear in equation (11) 
from the following equation. 


|V.| 


V7 Vj \l \ —• COS 2777T7J 
irn 


Combining equations (12) and (13), 


(13) 


_ vrv.vrr^ 1 ^ 

irn 2 a>Hl + <-])**] 

Noting the 1/n 2 [l +(— 1)"K] dependence of equation 
(14), it follows that the first two harmonics (n=l and 
n = 2 ) essentially determine the magnitude of the induc- 
tor ripple currents. Accordingly, a fair estimate for the 
optimal K value can be obtained by minimizing |It| 2 * 
-f 1 12 1 2 . Upon evaluation, the optimal value of K is 
found as —0.5. 
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By evaluating 1 1 1 1 2 4- | h | 2 for K = 0.5 and K = 0, it is 
seen that the negative coupling redupes the ripple by 
about 11%. A subsequent, more detailed calculation 
which includes inductor reoptimization will show that 
the ripple is reduced by nearly 40%. 

Equation (14) is an expression for the magnitude of 
the n ,A current harmonic which flows through each of 
the two coupled inductors for over-critical operation. 
Since the odd harmonics cancel while the even harmon- 
ics add, the current harmonics at node B are given by: 


vli 


V£2 


= l( 
= £ ( 


din 

sr 


d‘L2 

~3i~ 


*■) 

din \ 

— J 


(18a) 


08b) 


10 Solving equations (18a) and (l 8b) for din/dt gives: 


diL\ 

dt 


|/*|* = 0for« =1,3,5. 


VLl ~ *VL2 
L{\ - **) 


(19) 




NTv.vrrr 


cos 2irmj 


wn 2 a>L( 1 + K) 


for n = 2, 4, 6 . 


(15a) 

( 15 b) 15 Using equation (19) as a starting point, iz,l(t) may be 
determined explicitly. Since the ac component of i/j is 
an odd function, i.e., f(t)= — f(— t), it follows that: 


Note that making K negative increases the node B rip- 2Q 
pie. For example, with K = — 0.50, the ripple doubles as 
compared with K=0. However, when compared with a 
single-phase regulator, the coupled inductor regulator 
still has lower node B ripple, as may be verified by 
equation (14). 25 

If ld c is the average current which flows out of node 
B, the switch currents may be approximated by step 
currents which are zero when the switch is off and Irf c /2 
when the switch is on. These step currents may in turn 
be expressed by a Fourier Series with the harmonic 30 
magnitudes, |I„'|, given by an equation which analo- 
gous to equation (13): 


I'.l = 


V7 / rfc NT 1 — cos 277 nt) 


(16) 


2W7! 


Since, again, the odd harmonics cancel and the even 
harmonics add, the current harmonics at node A are 
approximated by: 


h~ 2 + 2 


( 20 ) 


where \ p is the peak current through either of the induc- 
tors and AI is the peak to peak current. From the fol- 
lowing equation, AI is found as: 


_ V, 77,(1 - t, + Kri) m _ _ ( 2 la) 

a/ - for 0 < TJ < .5 

U 1 - * 2 ) 

_ v,7(i - n )(/r+ 1 , . . (2ib) 

A/ - for .5 < ij < I 

m - k 2 ) 

Equations (21a) and (21b) are plotted in FIG. 10. These 
two equations reach equal maxima of: 
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AT 


V| T 


( 22 ) 


40 


4L{\ - K 2 ) (1 - K) 
which occur for respective values of: 


\^n\A = 0 for n = 1,3,5. 


\rn\A ■ 


NTT^NT 


1 — cos 2 jrmj 


for n = 2, 4, 6 . 


(17a) 

(17b) The 

45 K = 


1 * . 1 K (23) 

7,1 “ 2 + 2(1 - K) “ 1,2 ” 2 “ 2(1 - JO 


value of K which minimizes equation (22) is 
- J. Accordingly, the worst case peak to peak cur- 
rent with optimal coupling is: 


From equations (17a) and (l 7b), we note that the ripple 
currents at node A are essentially independent of K and 
L, but are proportionate to the node B dc current. Add- 
ing negative coupling has negligible effect on the node 
A ripple currents. 

The node C currents are, of course, the negative sum 
of the A and B currents. Since the node A ripple cur- 
rents typically dominate compared with the B currents, 
equations (17a) and (17b) generally provide a good 
approximation for the node C as well as the node A 
currents. 

An analysis of the peak currents which flow through 
each of the N inductors is of primary consideration 
since peak currents determine switching device ratings 
as well as the required inductor gap. All of the simplify- 
ing assumptions above apply to this analysis. Accord- 
ingly, the following analysis will be restricted to the 
coupled two-phase converter of FIG. 9. 

Referring to FIG. 9, and using the definitions for self 
and mutual inductance, it follows that: 


0.2109 VjT (24) 


With K=0, the peak to peak current is 0.25 ViT/L. 
Accordingly, the addition of optimal coupling reduces 
the peak to peak current by 16%. Discrepancies with 
the previous calculation using equations (8) through 
(17) are rationalized in that the previous calculation was 
an approximation dealing with only the first two cur- 
rent harmonics. It must be kept in mind that K= — J is 
still not optimal. Optimization of the inductor design 
using the core structure of FIG. 8a or FIG. 8 b may be 
achieved by proper selection of the coupling coefficient 
K, as illustrated by FIG. 10. 

Referring to the two-gap coupled inductors of FIG. 
8a, all core cross sections are of area A and the two gaps 
are each of length 1. One inductor consists of Ni turns 
on the left leg connected in series aiding with N 2 turns 
on the center leg. The second inductor consists of Ni 
turns on the right leg in series aiding with N 2 turns on 
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the center leg. Windings are such that the two N 2 coils 
are oppositely phased, as noted hereinbefore. 

Negative coupling is provided by the two N 2 coils 
which share the center leg. As will be shown, the dc 
current component flowing in one inductor produces a 
core flux which, by action of the center leg coils, partly 
cancels the core flux produced by the dc current com- 
ponent flowing in the other inductance. This partial 
cancellation of dc flux components enables a reduction 
in the air gap which in turn provides for increased in- 
ductance (or, alternatively a size and weight reduction). 

For the following analysis, values of L, M and K are 
calculated from Maxwell’s equations as: 


L = yN] 

M = ~y(\ - X) Nl 
K = —(1 — X 2 ) 

where 

y =4 ttX 10“ 7 A/1 in MKS units, 

N c = Ni + N 2 and 
y=Ni/N c 

From equation (25c), it is readily seen that: 


=v 


1 + K 


X 10 ~ 7 N 1 + * NcUc 

bJx- g- j n zM-i 

(I - Kb (1 - K) 


_ 2ANcB^ _ (2 - N 1 + XT )R 1 

/*ViTT[ a - ^ 2 ) <1 - >0 J 


(28) 


R = 0.5 (1 - AT 2 ) <3 + 5 K) 


2y N 2 c 

L 5 (1 - X + X 2 ) 

(30) 

5 5 

M = — 5 (2 - 2X - X 2 ) 

(31) 

r -(2 - 2X - X 2 ) 
, 0 (2 - 2X + 2X 2 ) 

(32) 

The air gap is set such that B^ is 

achieved at peak 


(25a) 

(25b) 

(25c) 


(26) 


The air gap is set at a value such that saturation flux 30 
is just approached for peak inductor currents. Using this 
relation, the air gap I is given by: 


(27) 
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where R = ViT/8N c AIW 

substituting the above value for 1 in equation (25a) 
gives the inductance L: 


45 


Ripple is minimized by minimizing AF in equation 50 
(22) while holding N c , A, I^ c , Vi, T and B^/ constant 
and allowing X(and hence K) to vary. Equation (22) is 
minimized by maximizing the denominator. This occurs 
when: 

55 


(29) 


60 


Equation (29) is plotted in FIG. 11, from which it is 
shown that K may be approximated by the curve-fit 
Ko= —(0.580— 0.392R). FIG. 11 also plots the percent 
reduction in ripple current which occurs when K is 
changed from zero to K 0 (data is from equations (24), 
(26) and (28). 

Referring now to the three-gap coupled inductor of ^ 
FIG. 86, windings and core cross sections are identical 
with those of the two gap scheme described above. 
Values of L, M and K are as follows: 


current: 


15 


(33) 


l = - 


2rr X 10” 7 \i 


B$at 


20 


[ , (2A ± DR "I 

20 — A + A 2 ) (1 - * 2 ) (1 - AO J 

Substituting equation (33) into equation (30) gives: 


(34) 


25 


L = 


4 AN fflju/ 

3A/* 




(2A + n R 


2(1 - A + A 2 ) (1 - K 2 ) (1 - A) 


As for the two-gap coupled inductor, ripple is mini- 
mized by substituting the expression for L into equation 
(22) and finding the minimum value for AF while hold- 
ing N c , A, I dc* V|, T, and B^/ constant and letting X and 
K vary. 

Since the resulting equation for AF is too cumber- 
some to differentiate, a numerical approach was used to 
determine the values of K and X which minimize AF. 
This data is plotted in FIG. 12 from which it is shown 
that K may be approximated by 
K 0 = —(0,496— 0.32 5R). FIG. 12 also plots the reduc- 
tion in ripple current as compared with equivalent un- 
coupled inductors. Data for this latter curve was ob- 
tained by inserting the numerically derived optimal 
values of K and X into equations (22) and (34). 

The data plots in FIGS. 11 and 12 serve well to com- 
pare performance of the two-gap and three-gap induc- 
tors: 

1. For all values of R, the two-gap structure is supe- 
rior in that peak currents are reduced by greater 
amounts. 

2. For small values of R, the two-gap structure re- 
duces ripple currents by about 38%, whereas the three- 
gap structure reduces ripple currents by about 34% 
— each as compared with conventional noncoupled 
inductors. 

3. The two-gap structure is well suited for operation 
with high ripple currents (high values of R), whereas 
the three-gap structure is not. 

4. For the two-gap structure, optimal X is typically 
about 0.70, whereas optimal X is typically 0.46 for the 
three-gap structure. 

5. With X—0.70, the two-gap structure has near equal 
quantities of wire over each core leg. This is optimal in 
terms of packaging, copper cost, resistance and heat 
transfer. 

6. With X=0.46, the three-gap structure has over 
twice as many center leg turns as end leg turns. Com- 
pared with the two-gap structure, this means that pack- 
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aging size, copper quantity, resistance and hot-spot 
temperatures are all increased. 

From the above analysis, it is thus seen that a two- 
phase switching converter system which employs nega- 
tive coupling between inductances reduces ripple and 
improves inductor and switching device utilization, and 
reduces inductor losses, as noted hereinbefore. These 
results easily extend for higher order phase numbers. 
Such a higher order (N phase) converter is shown in 
FIG. 2 in a boost configuration for use in the system of 
FIG. 1, but other arrangements of such a multiphase 
converter may be used with negative coupled induc- 
tors, namely the buck and the buck boost. Conse- 
quently, it is intended that the claims be interpreted to 
cover such arrangements, examples of which are de- 
scribed below. 

What is claimed is: 

1. A single or multiphase chopper for operating a 
load from single or multiphase line energy with unity 
power factor, comprising a power section for convert- 
ing single or multiphase alternating current line energy 
into direct current load energy including a rectifier, and 
for each chopper phase at least one inductor and one 
chopper switch for presenting said load with direct 
current, and duty cycle control mean for each chopper 
switch to control the average inductor current over 
each period of the chopper switch, and a sensing and 
control section including means for sensing at least one 
load parameter, means for producing a current com- 
mand signal as a function of said parameter, means for 
sensing average current through every inductor in- 
cluded, means for producing a feedback signal as a 
function of said current command signal and the aver- 
age rectifier voltage output over each period of every 
chopper switch included, and means for comparing said 
feedback signal with said sensed average current to 
produce, in response to a difference, a control signal 
applied to said duty cycle control means, whereby the 
instantaneous line current is maintained proportionate 
to the instantaneous line voltage, thus achieving a unity 
power factor. 

2. The combination of claim 1 wherein a plurality of 
chopper switches are operated in staggered sequence 
for multiphase chopper operation, each chopper switch 
having a separate inductor, and wherein said duty cycle 
control means includes a separate control means for 
each chopper switch responsive to the same difference 
between said line voltage and said inductor current for 
staggered duty cycle control. 

3, The combination of claim 2 wherein said multi- 
phase inductors are negatively coupled in pairs to re- 
duce chopper-generated ripple currents through said 
inductors, or to reduce the size of the inductors without 
increasing ripple currents, the inductors coupled in 
pairs being selected such that the beginning of the duty 
cycle of one falls half way between the beginning of the 
duty cycle of the other. 

4, The combination of claim 3 including an E core 
having two outer legs and a center leg between the 
outer legs, and an I core for each pair of coupled induc- 
tors, and wherein each pair of inductors negatively 
coupled are wound on legs of an E core with one induc- 
tor having a coil of N j turns on one outer leg connected 
in series aiding with a coil of N2 turns on the center leg, 
and the second inductor consists of a coil of Nj turns on 
the other outer leg connected ih series aiding with a coil 
of N2 turns on the center leg, and the sense of the two 
coils of Nj turns are oppositely phased for negative 
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coupling, said I core being positioned opposite the ends 
of said legs with a gap between the I core and at least 
the outer legs. 

5. The combination of claim 4 wherein said I core 
5 forms gaps with only the outer legs. 

6. The combination of claim 5 wherein said I core 
forms gaps with both the outer legs and the center leg. 

7. In a system for charging a battery, said system 
having at least one converter comprised of a duty cycle 

1° controlled chopper switch and inductor for translating 
energy from an alternating current line to a direct cur- 
rent into said battery, said system also having means for 
rectifying said alternating current into said converter, 
an improvement for operation of said system with a 
15 unity power factor consisting of means for feedback 
control of the duty cycle for the chopper switch such 
that the average inductor current over each period of 
the chopper switch is proportionate to the average 
voltage output of said rectifying means during the same 
20 chopper switch period, whereby instantaneous line 
current is maintained proportionate to the instantaneous 
line voltage for unity power factor, said feedback con- 
trol means being comprised of means for sensing at least 
25 one parameter of said battery, means responsive to said 
sensing means for producing a charge current command 
signal, means for producing a signal that is the product 
of the average voltage of said line during a chopper 
switch period and said current command signal, means 
30 for sensing current through said inductor, means for 
comparing said inductor current with said product sig- 
nal, and means for controlling the duty cycle of said 
chopper in response to the difference between said line 
voltage and said inductor current. 

3 5 8. The combination of claim 7 wherein said system 

includes a plurality of converters in parallel but oper- 
ated in staggered sequence for multiphase operation, 
each converter having a separate inductor, and wherein 
said duty cycle means includes a separate control means 
40 for each converter responsive to the same difference 
between said line voltage and said inductor current for 
staggered duty cycle control. 

9. The combination of claim 8 wherein inductors of 
said multiphase converters are negatively coupled in 

45 pairs to reduce chopper-generated ripple currents 
through said inductors, or to reduce the size of the 
inductors without increasing ripple currents, the induc- 
tors coupled in pairs being selected such that the begin- 
ning of the duty cycle of one falls half way between the 
50 beginning of the duty cycle of the other. 

10. The combination of claim 9 including an E core 
having two outer legs and a center leg between the 
outer legs, and an I core for each pair of coupled induc- 
tors, and wherein each pair of inductors negatively 

55 coupled are wound on legs of an E core with one induc- 
tor having a coil of Ni turns on one outer leg connected 
in series aiding with a coil of N2 turns on the center leg, 
and the second inductor consists of a coil of Ni turns on 
the other outer leg connected in series aiding with a coil 
60 of N2 turns on the center leg, and the sense of the two 
coils of N2 turns are oppositely phased for negative 
coupling, said I core being positioned opposite the ends 
of said legs with a gap between the I core and at least 
the outer legs. 

65 11. The combination of claim 10 wherein said I core 

forms gaps with only the outer legs. 

12. The combination of claim 10 wherein said I core 
forms gaps with both the outer legs and the center leg. 
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13. In a system for converting ac or dc energy to dc 
energy using a plurality of duty cycle controlled con- 
verters connected in parallel, and cyclically operating 
said converters in phase staggered sequence such that 
the duty cycles of the converters are evenly spaced 5 
apart, each converter being comprised of a chopper 
switch and an inductor, an improvement consisting of 
negative coupling of said inductor in each converter to 
an inductor in another converter selected to cancel odd 
current harmonics in the two inductors so coupled, 10 
thereby to reduce ripple in the dc output of said system. 

14. The improvement defined by claim 13 wherein 

said inductors coupled are selected in pairs such that the 
beginning of the duty cycle of one falls half way be- 
tween the duty cycle of the other. 15 

15. The improvement defined by claim 14 including 
an E core having two outer legs and a center leg be- 
tween the outer legs, and an I core for each pair of 
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coupled inductors, and wherein each pair of inductors 
negatively coupled are wound on legs of an E core with 
one inductor having a coil of Ni turns on one outer leg 
connected in series aiding with a coil of N 2 turns on the 
center leg, and the second inductor consists of a coil of 
N 1 turns on the other outer leg connected in series aid- 
ing with a coil of N 2 turns on the center leg, and the 
sense of the two coils of N 2 turns are oppositely phased 
for negative coupling, said I core being positioned op- 
posite the ends of said legs with a gap between the I 
core and at least the outer legs. 

16. The improvement defined by claim 15 wherein 
said I core forms gaps with only the outer legs. 

17. The improvement defined by claim 15 wherein 
said I core forms gaps with both the outer legs and the 
center leg. 
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